Eects of temperature, light, NaCl and polyethylene glycol (PEG)-6000 on seed germination and radicle growth in a halophytic shrub, Kalidium caspicum (L.) Ung.-Sternb. were investigated. When seeds were incubated in deionized water at constant temperatures between 10 and 308C, the percentage germination in the dark exceeded 75%; light suppressed seed germination at alternating temperatures. Incubating seeds with a hypersaline solution of NaCl for 30 d had no adverse eect on their germinability. The percentage germination of seeds incubated with a À0 . 8 MPa NaCl solution was 73, 80 and 54% at 10, 20 and 308C, respectively, but all radicles died before their length exceeded 5 mm. In contrast, when seeds were incubated with a À0 . 8 MPa PEG solution at 208C, 68% of seeds germinated, and 95% of the emerging radicles survived beyond 5 mm. The high sensitivity of small radicles of this species to salinity indicated that salt must be removed from the soil surface for seedling establishment.
INTRODUCTION
In saline environments, adaptation of plants to salinity during germination and early seedling stages is crucial for the establishment of species (Ungar, 1978 (Ungar, , 1991 (Ungar, , 1995 . Seedlings are the most vulnerable stage in the life cycle of plants, and germination determines when and where seedling growth begins (Koller, 1964; Gutterman, 1993; Kigel, 1995) . Therefore, appropriate germination responses of halophytic species to environmental parameters determine their distribution in saline environments.
Most seeds are located near the soil surface, where salt accumulates in salinized locations (Ungar, 1978) . The salt concentration at the surface of salanized soil changes over time: continuous evaporation of ground water gradually deposits salt on the soil surface, but rainfall or melting snow can quickly leach salt from the surface and supply water to seeds. Thus, for the successful establishment of plants in saline environments, seeds must remain viable at high salinity and germinate when salinity decreases (Ungar, 1978 (Ungar, , 1991 (Ungar, , 1995 .
Two Haloxylon species distributed mainly in non-saline locations in the desert region of northwestern China were found to show high adaptability to salinity in the germination and early seedling stages (Tobe et al., 2000) . This suggested that adaptation to salinity in the initial life stages does not determine geographical distribution of species in this region. To further investigate this point, we investigated how a typical halophyte growing in saline locations in this region adapts to salinity in the initial life stages. We studied Kalidium caspicum (L.) Ung.-Sternb. (Chenopodiaceae), a stem-succulent halophytic shrub (Lanzhou Institute of Desert Research, 1985) , which is restricted to highly salinized locations where the groundwater table is located about 0 . 5 m below the soil surface. Older seedlings survive high salinity (Natori et al., 1992) , but little is known about the germination and early seedling growth of this species.
We examined the eects of salinity on germination and radicle growth of K. caspicum. Because NaCl is the most abundant salt in many salinized locations in the Chinese desert (Fan et al., 1993) , we used it in our experiments. We investigated (1) whether seeds of K. caspicum remain viable at high salinity, and (2) whether radicles could survive salt concentrations that permit germination. To evaluate the speci®c eects of NaCl on seeds and radicles, we compared germination and early radicle growth in NaCl solutions with those in isotonic solutions of polyethylene glycol (PEG)-6000, which cannot permeate plant cell walls (Carpita et al., 1979) and acts solely as an osmoticum (Sharma, 1973; Redmann, 1974; Hardegree and Emmerich, 1990) . In addition, because temperature and light aect germination responses in many species and can alter ecological behaviour (Koller, 1964; Gutterman, 1993; Kigel, 1995) , we also examined their in¯uence on seed germination. and usually falls as snow, which covers the ground during winter and melts in early spring. The seeds of K. caspicum ripen in November. Total salt content at a depth of 0±10 cm in a typical habitat of K. caspicum ranged between 16 and 54 g per kg dry soil (measurements were made in late-May, late-August, and mid-October 1992).
Seeds were initially stored at about 58C until they were transported to Japan in March 1997, where they were stored at about À188C. The germination experiments were carried out between April 1997 and March 1998.
Methods
In all experiments, 25 seeds were sown on three layers of ®lter paper (Toyo, No. 1) in a 90 mm Petri dish. The ®lter paper was moistened with about 10 ml of deionized water or a solution of NaCl or PEG-6000, so that about half the seed was immersed in the solution. The Petri dishes were covered with lids and kept in a controlled environment. About two-thirds of the volume of the water or solution in each Petri dish was replaced daily. Each experiment was replicated four or ®ve times.
After each experiment, the ®nal percentage germination (G F ) and the time taken to achieve 50% germination (TG 50 ) were calculated; TG 50 was calculated only when the G F of all replications exceeded 50%.
Eects of temperature and light on seed germination. To examine the eects of temperature and light on seed germination, seeds were incubated in deionized water under 12 dierent constant or diurnally alternating temperature regimes. For each temperature regime, germination was studied under conditions of both continuous dark and 12 h dark/12 h light, but at 58C germination was examined in the dark only. When the temperature was alternated, seeds were exposed to the lower temperature for 12 h (dark) and the higher temperature for 12 h (light). For the light treatment, seeds were illuminated with¯uorescent lamps ( photon¯ux density at the surface of the seeds: 80±90 mmol m À2 s
À1
over the wavelength 400±700 nm). Seeds were considered to have germinated when the emerging radicles were over 2 mm long. The number of germinated seeds was counted daily for 15 d.
Eects of NaCl pretreatment on seed viability. Seeds were incubated with 3 . 0 mol kg -1 NaCl solution (49% saturation at 208C) for 30 d at 208C in the dark. Seeds were then rinsed with deionized water and transferred to Petri dishes containing deionized water. The number of germinated seeds was counted every day for 10 d after transfer.
Eects of NaCl or PEG solution on seed germination and radicle growth. Seeds were moistened with deionized water or solutions of NaCl or PEG-6000 of known water potential (C W ). The NaCl and PEG-6000 solutions were prepared according to the equations of Lang (1967) and Michel and Kaufmann (1973) , but the C W of the prepared PEG solutions was ®nally determined with an isopiestic psychrometer (Boyer and Knipling, 1965) at 208C. The numbers of both germinated seeds and seeds with emerging radicles longer than 5 mm were counted every day for 20 d (20 and 308C) or 30 d (108C). Seeds were considered to have germinated when the emerging radicles were visible. We calculated the ®nal percentage of seeds with emerging radicles longer than 5 mm (S F ) and the time taken until the percentage of these seeds was 50% (TS 50 ). TS 50 was calculated only when S F of all replications exceeded 50%. DTS 50 , which is a measure of the rate of radicle elongation, was calculated as TS 50 minus TG 50 .
Statistical analysis
The statistical signi®cance of the dierence between two values was evaluated using Student's t-test. The values of G F were arcsine transformed before analysis.
RESULTS
Eects of temperature and light on seed germination G F was signi®cantly (P 5 0 . 01) lower in the light than in the dark at 308C and at all alternating temperature regimes (Figs 1 and 2 ). In the dark, G F exceeded 75% at constant temperatures between 10 and 308C and at all alternating temperature regimes. TG 50 in the dark was 10 . 2 d at 108C and 5 . 5 d at 158C, and between 2 . 0 and 4 . 7 d at other temperature regimes (Fig. 3) . TG 50 was signi®cantly (P 5 0 . 01) lower in the light than in the dark at all temperature regimes except 15 and 308C.
G F was zero at 58C (Fig. 2) , but when the ungerminated seeds that had been incubated at 58C for 15 d were transferred to a constant temperature of 208C they germinated rapidly (Fig. 1) [TG 50 after transfer was 0 . 58 + 0 . 09 d (mean + s.e.) compared with 2 . 99 + 0 . 08 d for nonpretreated seeds].
Eects of NaCl pretreatment on seed viability
During pretreatment with 3 . 0 mol kg À1 NaCl solution for 30 d, no seed germination was observed. The seeds germinated rapidly when transferred to deionized water. TG 50 after transfer was 1 . 69 + 0 . 09 d (mean + s.e., n 5), compared with 2 . 99 + 0 . 08 d for non-pretreated seeds.
Eects of NaCl and PEG on seed germination and radicle growth
When seeds were incubated with NaCl solution of C W lower than À0 . 2 MPa (108C) or À0 . 3 MPa (20 and 308C), or PEG solution of À1 . 1 or À1 . 6 MPa, some or most radicles were necrotic and stopped elongating before they were over 0 . 5 mm long; these seedlings died eventually without further elongation (Figs 4 and 5) . Consequently, in the NaCl treatment, S F was much smaller than G F in most of the C W and temperature conditions tested. S F in the PEG treatment was slightly smaller than the corresponding G F at most values of C W (Fig. 5) .
Both germination percentage and radicle growth at 108C were considerably slower than those at higher temperatures (Fig. 4) . TG 50 was signi®cantly higher (P 5 0 . 01) at 108C than at 20 and 308C at all C W (Fig. 6) . former experiment (Figs 2 and 3) were the result of a longer incubation time (30 d) and dierent germination criteria (see Materials and Methods). G F was signi®cantly lower (P 5 0 . 01) at 208C in PEG than in NaCl at À0 . 8 MPa (Fig. 5) . TG 50 was signi®cantly higher (P 5 0 . 01) at 208C in PEG than in NaCl at À0 . 4 and À0 . 8 MPa (Fig. 6) . TG 50 at À0 . 2 MPa in NaCl tended to be slightly smaller than that at 0 MPa, but TG 50 at lower C W tended to be larger than that at 0 MPa in both NaCl and PEG treatments. DTS 50 tended to be larger at lower C W (Fig. 6) .
DISCUSSION
Seed germination of K. caspicum was relatively insensitive to temperature (Fig. 2) , and we found no indication of seed dormancy. These results indicate that K. caspicum seeds are potentially germinable in the species' habitat at any time between April and October. The C W of the NaCl solution that reduced G F of K. caspicum was not largely dierent from that which reduced germination of other halophytic species (Macke and Ungar, 1971; Williams and Ungar, 1972; Khan and Ungar, 1984; Myers and Morgan, 1989; Khan and Rizvi, 1994; Ungar, 1996) .
Moistening seeds with 3 . 0 mol kg -1 NaCl solution for 30 d had no adverse eect on their germinability in deionized water.This indicates that K. caspicum seeds can remain ungerminated and viable on the salt-rich soil surface. In many other halophytes, seeds remain viable after moistening with hypersaline solution (Macke and Ungar, 1971; Okusanya, 1977; Ungar, 1996; Katembe, Ungar and Mitchell, 1998) .
Many radicles died in NaCl solutions with C W lower than À0 . 2 MPa (108C) or À0 . 4 MPa (20 and 308C), although most seeds germinated (Fig. 5) . This indicates that germination, even at relatively low salinity, does not ensure establishment of seedlings. In many other halophytes, most small seedlings survived and radicles indicate that values are signi®cantly dierent from those at 0 MPa at P 5 0 . 05 and P 5 0 . 001, respectively. TG 50 was calculated only when all ®ve replications of G F were over 50%, and DTS 50 was calculated only when all ®ve replications of S F were over 50%.
continued to elongate at salinities that allowed seeds to germinate (Khan and Ungar, 1984; Stumpf et al., 1986; Katembe et al., 1998) . The radicles of K. caspicum are very sensitive to salinity compared to those of many other halophytic and non-halophytic species (Stumpf et al., 1986; Lombardi et al., 1998; Tobe et al., 1999) . In contrast, most radicles continued to elongate in PEG solutions of C W higher than À1 . 1 MPa until their length exceeded 5 mm. The marked dierence in the eect of radicles of isotonic NaCl and PEG indicates that the deleterious eect of NaCl is salt-speci®c toxicity rather than osmotic inhibition. Although K. caspicum is distributed on highly saline soil and 60-d-old seedlings can survive at a high level of NaCl (Natori et al., 1992) , the small radicles were sensitive to NaCl. This is in marked contrast to the salinity responses of Haloxylon persicum, a non-halophytic shrub distributed in the same region as K. caspicum. H. persicum showed 64% germination in À3 . 0 MPa NaCl solution, and the small seedlings continued to elongate in À3 . 0 MPa NaCl without suering from salt toxicity, but older seedling of H. persicum were sensitive to salinity (Tobe et al., 2000) . These results indicate that salinity tolerance in the early seedling stage is not correlated with salinity tolerance in later developmental stages, and that salinity adaptability in the initial developmental stages does not determine the geographical distribution of species in this region.
Our results indicate that, although high salinity does not aect the viability of seeds, the relatively low salinity (À0 . 4 to À1 . 2 MPa) that causes seed germination results in high mortality of the radicles. For the establishment of K. caspicum in saline environments salt must be completely removed at the soil surface.
The establishment of K. caspicum in saline environments may depend on the leaching of salt from the soil surface by snow-melt in early spring. This study showed that although seeds do not germinate at 58C, an increase in temperature induces very rapid germination. This indicates that seeds imbibe water at low temperatures in early spring and, as soon as the temperature rises, seeds germinate rapidly. Although radicle growth is reduced by low temperatures, low temperatures also reduce the accumulation of salt on the soil surface and thus favour seedling establishment. Precipitation in the following warmer season would also leach salt from the soil surface and allow germination; however, high temperatures would result in more evaporation and faster accumulation of salt on the soil surface, which would kill small radicles. To ascertain whether this prediction is correct, ®eld observations will be needed.
